Introduction
In industrial applications many types of flow rate sensors like mechanical, pressure-based, optical, vortex, electromagnetic, ultrasonic and Coriolis flowmeters are used. For hot, abrasive or corrosive fluids those devices cannot be applied easily due to their specific requirements. A completely non-invasive measurement method is required, where mechanical contact to the fluid is avoided. Therefore the Lorentz force velocimetry (LFV) has been developed. This technique has been explored quite fast for liquid metal flows [1, 4] . In principle an external magnetic field induces eddy currents in the moving fluid. The interaction of these eddy currents with the primary magnetic field will cause a braking force to the fluid and (as a result of Newton's 3rd law) a drag force to the magnets in the flow direction (see figure 1 ). This force is called Lorentz force F and is-if the flow profile remains unvaried-proportional to the electrical conductivity of the fluid σ and the fluid velocity v respectively the flow rate dV/
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Influence of the flow profile to Lorentz force velocimetry for weakly conducting fluids-an experimental validation
The Lorentz force velocimetry (LFV) is a highly feasible contactless method for measuring flow rate in a pipe or in a channel. This method has been established for liquid metal flows but also for weakly conducting electrolytes where the Lorentz force amplitudes are typically six orders smaller than the ones from liquid metal flows. Due to an increased resolution of the Lorentz force measurements which was the main focus of research in the last years, now it is possible to investigate the influence of the flow profile on the amplitude of the Lorentz force. Even if there is a semi-theoretical approach an experimental validation is still outstanding. Therefore we have tested symmetric and asymmetric flow profiles to test the LFV for weakly conducting fluids for typical industrial flows. Salt water has been used as a test electrolyte with constant values of the electrical conductivity from 0.035 to 20 S m −1 and of the flow velocity in a range of 0.5-3 m s −1 . We confirmed by extensive measurements that LFV is a suitable method for flow measurements even for different flow profiles within 5% measurement uncertainty. For a wide range of applications in research and industry the LFV should be not sensitive to various flow profiles.
Keywords: Lorentz-force velocimetry, electrolytes, weakly conducting, flow profiles, force measurement (Some figures may appear in colour only in the online journal) dt as equation (1) shows. Furthermore, the Lorentz force is proportional to the square of the magnetic flux density B that penetrates the flow and proportional to the size of the measurement volume given by the distribution of the magnetic field in the fluid which depends on the size and mass of the magnets.
The electromagnetic effect that is used allows various designs of sensors: The primary magnet field can be provided by a permanent magnet [2] or by current in coils [3] . In liquid metal flows it is possible to measure the flow profile [4] (spatially resolved LFV).
However, there is an industrial demand for a flow rate measurement technique for weakly conducting fluids in pharma and food industries as well as in medical applications where contactless measurements are an objective coming from hygienic requirements. A further possible application can be the measurement of salt melts which are important for liquid metal batteries or heat storage devices and for weakly conducting glass melts. Thereby the volume flow is the property of interest and the flowmeter should not be sensitive to other influences like the flow profile. In the semi-theoretical approach of [1] a slight dependence of the Lorentz force signal on the mean velocity distribution in a pipe flow is predicted but an experimental verification for weakly conducting fluids is still outstanding. Thess et al have investigated the sensitivity of the Lorentz force flowmeter for two cases: the longitudinal flux flowmeter and the transverse flux flowmeter. In the first case eddy currents are induced by an electrical current flowing through a coil. This case couldn't be tested experimental in this paper. In the second case the magnetic field is provided by one permanent magnet. In regard to the dependence of the Lorentz force on the velocity distribution the sensitivity S(α) can be defined as
Re. Here the Reynolds number Re is calculated by Re = 2R · u/ν with the radius of the pipe R, the flow velocity u and the kinematic viscosity ν. κ = 0.41 is the von-Karman constant and λ is the friction factor [6]. For α → 0 the profile is parabolic and for α →∞it is piston-shaped.
Furthermore in this second approach following assumptions are made: The quantity of the transverse component of the magnetic field varies only slightly (B = B y ). This is not in contrast to the large distance between the opposite permanent magnets. The second assumption is that the walls of the pipe are electrically insulated (σ = 0) which is provided in the experimental setup. In addition, the sensitivity of the transverse flux flowmeteras investigated in [1] -doesn't depend just on the shape of the velocity profile, but also on the wavenumber κ = kR of the magnetic field, where R is the radius of the pipe. If the wavenumber grows the eddy currents become more and more 3D and their contribution to the Lorentz force increases. Only small wavenumbers cause a high decrease of the sensitivity so that we neglect this dependency here. In [1] it is demonstrated that there is only a weak dependence of the sensitivity for vastly different flow profiles. Both Poiseuille-shaped and piston-shaped profiles are investigated. For a longitudinal flux flowmeter it follows from an exemplary calculation that the sensitivity differs only by 2% when the Reynolds number Re changes by one order of magnitude.
For developed symmetric flow profiles in long straight tubes or ducts as well as for very asymmetric flow profiles (e.g. behind curvatures) the LFV is evaluated in this manuscript.
Experimental setup
The investigations are made at a closed loop channel (see figure 2 ) where salt water is used as a working fluid. Its electrical conductivity can be set by varying the concentration of sodium chloride in the water. Thus, the electrical conductivity of the fluid can be adjusted upon necessity as it was performed and demonstrated in several other publications [7] [8] [9] . A centrifugal pump is driving the flow and enables average fluid velocities up to 3 m s −1 in the test section. The nozzle and a set of mesh and honeycomb filters provide a uniform velocity profile at the nozzle's outlet. The pump and the force measurement setup are placed at a separate fundaments in order to minimize influences of the mechanical vibration. Further, a fluid temperature control system keeps the temperature of the fluid constant with a peak to peak deviation of ±25 mK. The system consist of a cooling coil which is located in the relax vessel (figure 2(f)) connected to an external chiller. The flow rate of the refrigerant fluid (water) is controlled by a PID-controlled valve. In all measurements the fluid has a temper ature of 21 °C while the ambient temperature is usually about 26 °C which results in a further heat input by the surroundings. Hence, the electrical conductivity that varies about 2% K −1 at room temperature can be kept sufficiently constant. As a velocity reference a commercial magneto-inductive flowmeter (MID, Co. Krohne: Optiflux 2000) is used which enables the calculation of a calibration factor between Lorentz force and fluid velocity or between Lorentz force and flow rate. The measurement principle of the here applied MID is based on the separation of charges in a magnetic field and the measurement of an electrical potential which is proportional to the flow rate.
Due to the quadratic dependence of the Lorentz force with the magnetic flux density B shown in equation (1) the magnetic field source has a big influence on the resolution of the LFV. Therefore a Halbach magnet system was designed and optimized regarding the dimensions of the test section and the mass limitation of 1 kg of the sensitive force measurement system [5, 10] . At this point it should be highlighted that it is possible to overcome the mass restriction by using a buoyancy-compensated magnet system which was demonstrated successfully in [11] . The build-up system used for the measurements explained in this paper consists of two opposite Halbach arrays. These are fixed by a carbon fiber lightweight yoke. Their distance amounts 56 mm so that the magnets are as close as possible to the fluid. Each array is built up by five rectangular permanent magnets with the same dimensions (15 mm × 18 mm × 46 mm). Like shown in figure 3(a) their magnetization direction is turned from one magnet to the other by 90° so that the second and fourth element deflects the flux of the backside of each array and the stray magnetic field is decreased. That results in three alternating flux spots in the test section which generate 2.8 times higher Lorentz forces than an optimized pair system at 1 kg [10]. In the symmetry point of the magnet system the component of the magnetic flux density B y perpendicular to the fluid flow is 160 mT. The two outer spots have a B y of 110 mT.
Early measurements presented in the [8, 9] have been made with single state-of-the-art electromagnetic force compensation (EMFC) balance. In order to reduce the vibration noise in force measurements a reference system has been used. An identical EMFC balance with an equivalent mass of the dead load was used for direct referencing the Lorentz force measurements by so called differential force measurement method [7, 12, 13] . By adding the second EMFC balance with the same dynamic behaviour on-axis of the first EMFC balance allows to eliminate common measurement errors in the force signal. Thus, the complete force measurement system used for LFV application consists of two identical but independently working EMFC balances, two equal masses which are suspended from each EMFC balance (LFV magnet and dummy weight), and correspondingly identical mechanical suspension components which are fastening both EMFC balances to the common bearing plate. The mechanical diagram of the single EMFC balance is presented in figure 4 .
The EMFC balance is arranged in rotated 90° orientation relative to its common usage in a horizontal alignment. In figure 4 left is presented the mechanical working principle of the EMFC balance in common usage and in right adapted for LFV application. The load carrier is pointing downwards as Both EMFC balances are aligned together to the x-axis by their natural zero stable positions. Considering that the force measurements of the reference EMFC balance with dummy weight is F 1M = F err and the force measurements with an actively used EMFC balance with LFV magnet is
in the ideal case is equal to the Lorentz force. Under this consideration the common error is assumed to be measured by both EMFC balances. Therefore, any discrepancy between the applied F L and measured F diff forces may represent parasitic forces from other sources. Complete image of the system is presented in figure 5 .
For more detailed information regarding the influence of temperature effects on the measurement system and the determination of the measurement resolution see [7, 12, 13] .
The test section has a length of 1.5 m. At normal operating modes the flow is in the turbulent regime (Re = (2 − 20) × 10 4 ) and hence the profile becomes a developed turbulent shape along the test section [16] . Since the Lorentz force measurement system can be freely positioned the force signal can be measured for different flow profiles that occur in the duct at constant mean velocity.
It is essential to know the underlying flow profile for the investigation of its correlation with the Lorentz force.
Therefore the walls of the duct are made of transparent polycarbonate which allows the usage of a two component laser-Doppler-velocimeter (LDV, Co. Dantec Dynamics). This device provides high precision velocity measurement at a local area of a few millimeters where its laser-beam gets focused. To determine the flow profile for the whole crosssection this device is mounted on a traversing system as it is shown in figure 6 . By traversing the LDV rectangular to the main flow direction the full cross-section can be scanned pointwise 1.25 mm steps. During all measurements with the LDV the flow rate of the salt water in the channel has been kept constant (0.2% of mv + 1 mm s −1 ) by controlling the pump with the MID.
In order to be able to investigate asymmetric flow profiles in the presented channel an obstacle (backward facing step) has been introduced. Considering the geometrical scales of the test section a cuboid (92 mm × 25 mm × 50 mm) obstacle, also made from polycarbonate, was placed in the test section to influence the flow profile (see figure 7) . To gain asymmetric profiles it is placed at the underside wall and glued by silicone to ensure its removability. 
Measurement results and discussion
At the inlet of the test section (right after the nozzle) the closed loop channel provides a uniform piston-shaped flow profile. The change of the profile has been proved by LDV measurements (see figure 9) .
The profile of the asymmetric flows have been also extensively measured and determined. Directly behind the obstacle the highest asymmetry can be found. In contrast the profile in the region close to the outlet of the test section has turned back into a symmetric flow because of viscous effects.
The corresponding force has been measured for various flow velocities v = 0.5-3 m s −1 and electrical conductivities σ = 0.035-20 S m −1 of the fluid. A direct comparison of the data for the different symmetrical profiles is shown in figure 10 .
There is only a small deviation of the slope of about 5% which is in the range of the uncertainty of the force measurements. For better visibility the fits are not shown in the figure 10 . If the change of the signal gets plotted for the different positions, a slight decrease in the force amplitude (again in the range of 5%) can be seen for most of the velocity values (see figure 11 ). This decrease is mainly visible in the velocity range of 1.5-2.95 m s −1 because here the measurement uncertainties do not overlie the expected slight decrease of the force signal postulated in [1] . At this point it should be mentioned that the electrical conductivity over all positions 1-5 differs about ±0.2 S m . This deviation is composed of the temper ature dependency of the conductivity which results in ±0.02 S m −1 but mainly due to the procedure of the measurement campaign. The force measurement system was moved along the test section and as a result the electrical conductivity of e.g. 20 S m −1 has to be adjusted for every position. Because of the dimensions of the experiment it is hardly possible to adjust the electrical conductivity below an uncertainty of ±0.2 S m . Further measurements at highly asymmetric flow profiles have been performed. In figure 12 the signal gets compared to the symmetrical flow profiles. Position C (asymmetric profiles) directly behind the obstacle is compared with position 1 and 2 (symmetrical flow profiles) because it is located between them ( figure 12(a) ). The graphs among themselves show only a slight deviation which is mainly caused by an offset in the measurement of position 2 which could be a systematic error. This explains why the level of coincidence between an asymmetric and a symmetric profile is here higher (figure 12(b)) than between two symmetric profiles ( figure 12(a) ). However, the high coefficient of determination (R 2 > 0.99) which can be seen as a measure for the quality for the plotted regressions of the single graphs indicates a high linearity of the force signals. Position D and position 2 can be compared directly because they coincide with each other ( figure 12(b) ). The two graphs hardly diverge from each other although the flow profiles are highly different. When comparing the measurements of asymmetric flow profiles an uncertainty of about 5% is detected as well, because identical external influences are present which are listed in the conclusions. We can reason that the influence of asymmetric flow profiles is virtually negligible to LFV with regard to the force signal. This conclusion increases the versatility of LFV for industrial applications where uniform flow profiles can't be guaranteed at all configurations.
Summary and conclusions
We tested LFV for weakly conducting fluids with electrical conductivities is in the range of tap water up to 20 S m −1 at different flow profiles. Because the product of electrical conductivity and flow velocity is six orders of magnitude smaller than in liquid metal flows, the measured forces are in the range of micronewton (µN). Symmetric flow profiles from uniform piston-shaped to pseudo-parabolic turbulent flows, because of the transition of laminar to turbulent flow they are slightly blunted, have been compared to very asymmetric flows behind an obstacle (backward facing step). Neither the comparison of the symmetric velocity profiles to each other nor the juxtaposition of symmetric and asymmetric profiles have shown a significant force influence. However, a slight decrease in the force signal can be detected when the profile becomes more parabolic. These results are in accord with the semi-analytical approach in [1] . In the measurements a deviation of about 5% is found between the force datasets with comparable configuration. This means that at same positions along the test section, symmetric profiles as well as asymmetric profiles show this uncertainty. The following sources of uncertainty are identified: instabilities in the force measurement which are mainly caused by thermal expansion of the supporting structure of the balances [12] as well as deviations in the configuration of the setup such as geometrical misalignments, small variations in the electrical conductivity, the magnetic field distribution, the temperature or the velocity v of the fluid. As a result the current experimental setup is more inaccurate than other flow measurement techniques. For instance the measurement errors for mechanical, ultrasonic or magnetic flow meters lie in the range of 0.2-1%. However, these techniques cannot fulfil the aforementioned requirements when measuring in aggressive fluids [9] . For LFV the influence of even a large variation in the flow structure to the force signal is negligible as long as the average flow velocity v mean does not change. This property of the LFV for weakly conducting fluids allows the application of this measurement technology to various industrial flows even at difficult geometries, such as behind pipe curvature. Whereas many techniques like magneto-inductive flowmeters need a minimum entrance length of up to five times the pipe diameter, this is not necessary for LFV. 
